Featured Application: Biopolymer-producing strain FY-07 is capable of producing bacterial cellulose (BC) under both aerobic and anaerobic conditions, while the biosurfactant-producing strain WJ-1 produces a rhamnolipid, which is a biosurfactant widely used in the oil extraction. The present research envisages the evaluation of the potential of combined flooding of the biopolymer-producing bacteria FY-07 and biosurfactant-producing bacteria WJ-1 for enhancing the oil recovery in heterogeneous reservoirs.
Introduction
In spite of the development in the traditional primary and secondary recovery methods, two-thirds of the original oil is still left in the reservoir [1, 2] . It has become an urgent problem for petroleum scientists and technicians to study the methods to improve the oil recovery and develop efficient substituted techniques for maximizing the exploitation and utilization of existing resources. Chemical enhanced oil recovery (CEOR) methods involve the injection of suitable chemicals such as polymers, surfactants, and alkalis, either individually or in combination, to increase oil production [3] [4] [5] . Traditionally, synthetic and non-biodegradable surfactants and polymers were used for improving the oil recovery due to relatively lower costs [6, 7] . However, due to stringent environmental restrictions, there is a need for the petroleum production and exploration industry to adopt the microbial enhanced oil recovery (MEOR), which is environmentally friendly and cost effective [8] . MEOR is an alternative method of advanced oil recovery that takes the advantage of the ability of the microorganisms to synthesize products (e.g., biosurfactants, biopolymers, biogases, or acids) that are useful for improving oil recovery [9] [10] [11] .
MEOR mainly improves the oil recovery by increasing the displacement efficiency and the sweep volume of reservoir [12] . Some scholars have screened the different biosurfactant-producing bacteria for improving the oil displacement efficiency [4, 13, 14] , while others used the biopolymer-producing bacteria to improve the sweep efficiency [8, 15, 16] . Qi et al. studied the compatibility between the W5 strains and the weak gel and highlighted the application potential of weak gel-assisted microbial flooding [17] . Dhanarajan et al. studied the combined influence of the biosurfactant and biopolymers on the solubilization and mobilization of oil from the reservoir [18] .
Biopolymer-producing strain FY-07 is capable of producing bacterial cellulose (BC) under both aerobic and anaerobic conditions [19] , while the biosurfactant-producing strain WJ-1 produces a rhamnolipid, which is a biosurfactant widely used in oil extraction [20] . The present research envisages the evaluation of the potential of combined flooding of the biopolymer-producing bacteria FY-07 and biosurfactant-producing bacteria WJ-1 through systematic experimental investigation.
Materials and Methods

Microorganisms and Culture Conditions
In this study, the biopolymer-producing microorganism Enterobacter cloacae (E. cloacae) FY-07 was isolated from the oilfield produced water in Jilin oil field, China. Another biosurfactant-producing microorganism identified as Pseudomonas aeruginosa WJ-1 was isolated from the oilfield produced water in Menggulin oil field, China.
The two strains were cultured in Luria-Betrani(LB) medium (10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl) and incubated at 180 rpm at 37 • C for 16~20 h, and then inoculated 2% (v/v) into the following fermentation medium. Crude oil degradation medium (g/L): crude oil (8.0), NaNO 3 (1.0), K 2 HPO 4 (1.0), NaH 2 
Oil and Water Samples
The crude oil and formation water used in the experiments were collected from the oil-producing wells of the Luliang block in the Xinjiang Oilfield (China National Petroleum Corporation, Sinkiang, China) with an average temperature of 34 • C.
Detection of Growth and Metabolism of Different Strains in Crude Oil Degradation Medium
The strains WJ-1, FY-07, and mixed bacteria (WJ-1: FY-07 = 1:1) were inoculated into crude oil degradation medium with 2% inoculation quantity, cultured at 180 r/min at 34 • C. Samples were collected regularly. Surface tension values were measured using the surface tensiometer FTA1000B (First Ten Angstroms, Portsmouth, Virginia, US), and the number of bacteria was determined by plate counting method based on different morphology of bacteria.
Detection of Growth of Different Strains in Polymer-Producing Medium
Strain FY-07 and mixed bacteria (WJ-1: FY-07 = 1:1) were inoculated into crude oil degradation medium with 2% inoculation quantity and cultured at 34 • C under static conditions. Samples were collected regularly, and the number of bacteria was determined by the plate counting method based on the different morphology of bacteria.
Analysis of Content and Group Component of Degraded Petroleum
After the cultivation, the degraded petroleum was treated by WJ-1, FY-07, and mixed bacteria WJ-1 and FY-07, centrifuged (8000 r/min) at 4 • C, and the upper crude oil without water was obtained and subjected to the following analysis. The crude oil before and after degradation was immersed in excessive petroleum ether for 24 h and filtered to obtain the insoluble gum and asphalt, and then quantified. Saturated hydrocarbons, aromatic hydrocarbons, and non-hydrocarbons in crude oil were separated by a silica gel-Alumina mixed column and elution with n-hexane, n-hexane: dichloromethane mixture (1:1, v/v), an ethanol and trichloroethane mixture (1:1, v/v) [17, 21] , and the change in oil composition resulting from microbial degradation was assessed.
Gas Chromatographic Analysis of Saturated Hydrocarbons in Degraded Petroleum
The saturated hydrocarbon composition of the degraded petroleum was determined by the gas chromatography (GC) method. The oil samples were first extracted by chloroform and then measured using HP6890 GC (Agilent, Santa Clara, California, US), equipped with a PONA quartz capillary column (30 m × 0.2 mm × 0.2 µm). Split injections were conducted using nitrogen as a carrier gas. The column temperature was raised from 50 • C to 310 • C at a rate of 8 • C/min. An interface temperature of 310 • C and an ion source temperature of 320 • C were utilized [22] .
Physical Simulation Experiment of Oil Displacement
The potential applications of microbial enhanced oil recovery of WJ-1, FY-07, and compound bacteria of WJ-1 and FY-07 were evaluated by core flooding experiments. Four three-layer heterogeneous cement cores were used in the experiment. The core parameters are shown in Table 1 , and the schematic diagram of the experimental setup for the core flooding experiments is shown in Figure 1 . Initially, the heterogeneous cemented cores were saturated with formation water after vacuum pumping and flooded with dewatered and degassed crude oil to establish the original oil saturation. Subsequently, the heterogeneous cemented cores were flooded with formation water until the water fraction of the effluent was higher than 98%. Following the first water flooding, No. 1 core was the control group and was incubated at 34 • C for seven days. Core 2 and Core 3 were used to evaluate the displacement efficiency of WJ-1 and FY-07, respectively. Among them, Core 2 was injected with degradation medium inoculated with 2% WJ-1 seed solution and cultured at 34 • C for seven days. Core 3 was injected with polymer-producing medium inoculated with 2% FY-07 seed solution and incubated at 34 • C for seven days. Core 4 was used to evaluate the composite flooding effect of FY-07 and WJ-1, which was first infused with 0.5pv FY-07 at 34 • C for seven days, then 0.5pv WJ-1, and cultured further at 34 • C for seven days. Finally, formation brine flooding was performed again, until no further oil was observed. During the experiment, the injection rate was set to 1.0 mL/min. 
Results and Discussion
Effect of FY-07 on the Growth and Metabolism of WJ-1
To study the feasibility of compound flooding by FY-07 and WJ-1 strains, the strains WJ-1, FY-07, and the mixed bacteria (WJ-1: FY-07 = 1:1) culture experiment was carried out. The growth of these strains is shown in Figure 2 . The growth of strain WJ-1 is divided into four stages-the lag phase, exponential phase (log phase), stationary phase, and death phase. WJ-1 exhibited the same lag phase, log phase, and stable phase under the condition of single culture and mixed culture. This indicated that the growth of the two strains had no effect on each other under the condition of adequate nutrition. However, under the mixed culture condition of FY-07, the decline period of WJ-1 was advanced because the nutrient consumption was exhausted in the late stage of strain growth, and there was a competition for nutrients between the strains. The growth of the strain reduced the surface tension of the fermentation broth due to formation of the metabolizing surfactant. Therefore, the metabolic status of strains can be reflected by analyzing the change of surface tension. The reduction of surface tension by growth and metabolism of experimental strains is shown in Figure 3 . Under the condition of degradation medium, WJ-1, FY-07, mixed WJ-1 and FY-07 bacteria reduced the surface tension to 30 mN/m from 70 mN/m. However, the time for WJ-1 to reach the minimum surface tension was basically the same under the condition of single culture and mixed culture, which was earlier than that of FY-07. This shows that both WJ-1 and FY-07 produced some surfactant to reduce the surface tension, but WJ-1 produced the biosurfactant faster than FY-07. It mainly emulsified the crude oil due to the biosurfactant produced by the WJ-1 metabolism, while FY-07 mainly relied on the biopolymer produced to form plugging control. The presence of strain FY-07 did not reduce the emulsification of strain WJ-1. 
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Effect of the Strain WJ-1 on Growth of Strain FY-07
To analyse the effect of WJ-1 on the growth and metabolism of FY-07, the growth of the strain in the polymer-producing medium was determined. Figure 4 shows that the concentration of FY-07 in mixed culture conditions with WJ-1 was higher than that of the culture alone, and the decline period was slightly earlier. Therefore, the existence of WJ-1 did not affect the growth and metabolism of FY-07 to produce the biopolymers but played a certain role in promoting the growth and metabolism of FY-07. Furthermore, the strain grew faster in the polymer-producing medium than in the crude oil degradation medium. Therefore, in compound profile control and flooding, the action time of strain WJ-1 was longer than that of strain FY-07. 
Effect of Strain FY-07 on Degradation of Strain WJ-1
After the degradation by WJ-1, FY-07 and the mixture of the two strains for 7 days, the relative contents of the different components of the crude oil (saturated hydrocarbons, aromatic hydrocarbons, non-hydrocarbon, and asphaltene) before and after degradation are shown in Figure  5 . Luliang oil without microbial treatment consisted of 71.62% oil saturated hydrocarbons, 9.91% aromatic hydrocarbons, 13.84% non-hydrocarbons, and 4.63% asphaltene. After degradation by WJ-1, the content of the saturates decreased to 70.40%, while the proportions of aromatics, non-hydrocarbon, and asphaltene increased to 10.33%, 14.03%, and 5.23%, respectively. This indicates that WJ-1 mainly degraded the saturated hydrocarbons. After degradation by FY-07, the contents of the saturates and aromatics increased to 73.43% and 10.72%, respectively. In contrast, the proportions of the non-hydrocarbon and asphaltene increased to 14.03% and 5.23%, which indicates 
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Comparative Analysis of the Ability of Composite Strains to Improve Oil Recovery
The ultimate goal of MEOR is to enhance the oil recovery or the oil production rate. As shown in Table 2 , WJ-1, FY-07, and the mixed bacteria of WJ-1 and FY-07 greatly improved the oil recovery compared to the control sample. After the control sample was stationary for 10 days, the subsequent water flooding enhanced the oil recovery by 3.9%, which was due to the redistribution of the oil and water after a period of stationary storage, and the re-entry of the crude oil from low permeability layers into the high permeability layers, and further recovery in subsequent water flooding. FY-07 enhanced oil recovery by 10.4%. This is because the biopolymer produced by the metabolism of the strain formed a plugging of the high-permeability layer, which further improved the recovery of crude oil in the low-permeability layer. WJ-1 enhanced the oil recovery by 7.9%, since the strain degraded the degraded high-carbon chain crude oil into low-carbon chain crude oil, improved the fluidity of crude oil, and the metabolized biological surfactant emulsified the crude oil. The composite flooding of FY-07 and WJ-1 increased oil recovery by 17.4%, which was significantly higher than the individual effects of FY-07 and WJ-1. This is because, after water flooding, most of the crude oil existed in the low permeability layer. First, FY-07 was injected to block the high permeability layer 12. Then, the injected WJ-1 entered the low permeability layer in large quantities and acted on most of the crude oil. Therefore, it exhibited a synergistic effect on the oil displacement and has a certain application prospect for the efficient development of heterogeneous reservoirs. 
Conclusions
In the present study, it was found that FY-07 did not significantly inhibit the growth and metabolism of WJ-1 under sufficient nutrition conditions but improved the ability of WJ-1 to degrade the high carbon chain crude oil. In fact, WJ-1 promoted the growth and metabolism of FY-07 to some extent. The results indicate that WJ-1 and FY-07 exhibited a good compatibility. Physical simulation oil displacement experiments show that WJ-1 and FY-07 combined flooding improved the oil recovery by 17.4%, which was higher than the individual effect of the two strains. Therefore, compound flooding with the polymer-producing bacteria FY-07 and the surfactant-producing 
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In the present study, it was found that FY-07 did not significantly inhibit the growth and metabolism of WJ-1 under sufficient nutrition conditions but improved the ability of WJ-1 to degrade the high carbon chain crude oil. In fact, WJ-1 promoted the growth and metabolism of FY-07 to some extent. The results indicate that WJ-1 and FY-07 exhibited a good compatibility. Physical simulation oil displacement experiments show that WJ-1 and FY-07 combined flooding improved the oil recovery by 17.4%, which was higher than the individual effect of the two strains. Therefore, compound flooding with the polymer-producing bacteria FY-07 and the surfactant-producing bacteria WJ-1 has a good application prospects for enhancing the oil recovery in heterogeneous reservoirs.
